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BACKGROUND 


The  objective  of  this  work  was  to  survey  a  number  of  liquid  fuels  and  hazardous 
materials  (explosives,  propellants,  and  pyrotechnics)  to  determine  if  there  is  significant 
absorption  over  a  reasonably  wide  region  of  the  microwave  spectrum.  The  emphasis 
was  placed  on  obtaining  a  measure  of  the  absorption  coefficients  as  a  function  of 
frequency  and  not  on  high  accuracy  or  precision.  The  results  for  one  liquid  fuel  are 
presented  here.  The  procedure  was  to  determine  the  in-waveguide  reflection  and 
transmission  coefficients  as  a  function  of  frequency  from  the  measured  incident, 
reflected,  and  transmitted  powers  after  correction  for  waveguide  and  other  losses.  The 
complex  dielectric  constant  was  obtained  from  these  coefficients  and  the  absorption 
coefficient  calculated. 

Measurements  were  made  over  the  frequency  range  2.5  to  18  GHz  by  the  use 
of  two  sizes  of  double-ridge  waveguide  to  cover  the  ranges  2.5  to  7.5  and  7.5  to  18 
GHz.  Step  scanning  at  0.1  and  0.25  GHz  intervals  was  used  for  the  tow  frequency 
range  and  the  high  frequency  range  respectively,  and  the  incident,  reflected,  and 
transmitted  powers  were  recorded  at  each  frequency.  A  complete  description  of  the 
apparatus  is  given  elsewhere  (refs  1  and  2).  The  sample  cel!  consisted  of  a  verticle 
waveguide  section  30.45  cm  (12  In.)  in  length  bounded  on  the  bottom  by  a  thin 
(0.0076  cm)  mylar  support  window  for  the  liquid  fuel.  The  top  of  the  cell  was 
connected  to  the  microwave  source  by  means  of  a  bidirectional  coupler  for 
measurements  of  the  incident  and  reflected  powers.  Pi  and  P,.  while  the  bottom  of  the 
cell  was  connected  to  an  identical  coupler  for  measurement  of  the  transmitted  power, 
Pt.  This  coupler  was  terminated  in  its  characteristic  impedance.  The  thin  mylar 
support  window  was  placed  across  the  waveguide  normal  to  the  propagation  direction 
and  sandwiched  between  the  waveguide  section  used  for  the  sample  holder  and  the 
bidirectional  coupler  used  to  measure  the  transmitted  intensity.  Therefore,  the  mylar 
support  window  interrupted  the  continuity  of  the  waveguide.  All  powers  wore 
corrected  for  waveguide  and  other  losses  and  calibration  differences  (refs  1  and  2). 
By  conservation  of  energy 


Pi=:P,  +  P,  +  Pab 


(1) 


where  Pab  is  the  power  absorbed  at  the  sample  and  cell.  By  division  of  equation  (1 )  by 

Pi 

1=R+T  +  A  (2) 

where  R  =>  Pr/Pj  and  T  =  Pt/Pi  are  the  power  reflection  and  transmission  coefficients  and 
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A  =  Pab/Pi  =  1  -(R  +  T) 
is  the  normalized  absorbed  power. 


(3) 


Expressions  for  tne  power  refelction  and  transmission  coefficents.  R  and  T,  for 
normal  incidence  on  a  plane  parallel  slab  of  dielectric  in  air  in  a  waveguide  were 
derived  using  the  techniques  given  by  Ramo  and  Whitnnery  (ref  3).  These  are 


R  =  ri22[e2“<^+e*2cxd.2Cos(2pd)]  /  [e2ad+r^2^*2“^*2ri22Cos{2({>i2-2pd)]  (4) 

and 

T  =  ti22t2l2  /  [e2ad+ri24e-2ad-2ri22COS(2(})i2'2pd)]  (5) 

where  d  is  the  dielectric  slab  thickness  in  the  direction  of  propagation  and 

Pi2  “  =  (Z2-Z1)  /  (Z2+Z1)  (6) 

tl2  a  ti2ej<pi2  =  2Z2  /  (Z2+Zt)  (7) 

t21  a  t2iej({)l2  a  2Zl  /  (Z2+Z1)  (8) 

a  «  2nf(poeoeV2)i/2{i  .(f^{)2/E'}i/2{i  +((e''/e02/(1  .(yf)2/e']2]i/2.i  }i/2  (9) 

and 


P  =  2}tA.  =  2jif{poCoeV2)'qi-(fo/f)2/e0t/2{U({e7e02/l1-{fo/0Wi^  (10) 

e'  and  e"  are  the  real  and  imaginary  parts  of  the  complex  dielectric  constant;  Po  and  e© 
are  the  permeability  and  permittivity  of  vacuum  (air);  fc  Is  the  waveguide  cutoff 

frequency  in  air;  and  X.  is  the  wavelength  in  th'.  waveguide  in  the  dielectric  (ref  3). 
Equations  4  and  5  are  valid  when  the  .gL'ic*D  section  after  the  sample 
(bidirectional  coupler)  is  terminated  in  its  characteristic  impedance  So  that  there  is  no 
reflected  wave  in  this  section.  Z*  amd  Z2  are  the  in-waveguide  impedances  of  vacuum 
(air)  and  the  dielectric,  respectively,  and  are  given  by 

Zi  =  (Po/eo[i-(WW^  (11) 

Z2  =  (Po/eoEll-r/El  (1-(fc/f)2/el)’^  (12) 
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pi2  and  ti2  are  the  field  reflection  and  transmission  coefficients  for  normal  incidence 
on  the  dielectric  slab  when  conditions  are  such  that  there  is  no  reflected  wave  in  the 
dielectric.  T21  is  the  similar  transmission  coefficient  for  a  wave  in  the  dielectric  incident 
on  air.  a  and  p  are  the  real  and  imaginary  parts  of  the  complex  field  propagation 
constant  in  the  dielectric  defined  by 

E  =  Eoe-{“-jP)2  (13) 

where  z  is  the  distance  in  the  direction  of  propagation,  a  is  therefore  the  field 

attenuation  or  absorption  coefficient,  and  p  is  2;t  times  the  reciprocal  wave  length  (eq 
10),  both  in  the  dielectric  slab.  Born  and  Wolf  give  relationships  similar  to  equations  4 
and  5  for  out-of-waveguide  conditions  (ref  4). 

Significant  simplifications  of  the  above  equations  are  possible  for  low-loss 
materials,  i.e.,  when  e'^/e'  «  1.  This  is  the  case  for  the  liquid  fuel  under  considerations 
and  the  appropriate  approximations  w/ere  made  in  the  calculations  of  R  and  T. 


RESULTS  AND  DISCUSSION 


Measurements  have  been  made  on  two  liquid  fuels,  liquid  water,  eight 
hazardous  materials,  and  two  polymeric  materials,  but  because  of  space  limitations, 
only  the  results  for  one  liquid  fuel  (Diesel  2)  are  presented  here.  The  results  for  liquid 
water  and  the  other  materials  will  be  published  elsewhere  (ref  1 ). 

Measurements  were  made  of  Pj,  P,.  and  P|  for  the  empty  cell  and  the  reflection 
and  transmission  coefficients  calculated.  Typical  reflection  coefficient  results  are  given 
in  figure  1a  for  the  low  frequency  range.  Similar  results  were  obtained  for  the  high 
frequency  range.  The  peaks  in  the  reflection  coefficient  spectra  are  due  to  the 
discontinuity  in  the  waveguide  caused  by  the  thin  mylar  support  window.  This  was 
verified  by  measurements  for  the  empty  waveguide,  i.e.,  without  the  mylar  and  by 
measurements  for  plastic  samples  which  were  machined  to  fit  snugly  into  the 
waveguide  and  so  used  without  the  mylar.  Calculations  were  also  made  of  the 
reflection  coefficients  for  the  mylar  alone.  These  calculations  indicate  that  the 
reflection  coefficient  for  the  thickness  of  mylar  used  Is  negligible  over  the  whole 
frequency  range  used  for  these  studies.  Peaks  of  this  type  were  also  found  in  the 
reflection  and  transmission  spectra  for  liquid  samples  in  the  cell  (fig.  1b).  No  attempt  is 
made  here  to  correct  the  results  for  these  peaks  due  to  the  discontinuity  in  the 
waveguide.  However,  in  fitting  the  calculated  reflection  and  transmission  coefficients 
to  the  experimental  coeffidents  allowance  was  made  for  the  effects  of  the  discontinuity. 
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The  experimentally  determined  reflection  coefficient  for  the  fuel  Diesel  2  is 
given  as  a  function  of  frequency  in  figure  1b  for  the  low  frequency  range.  Somewhat 
similar  results  were  obtained  for  the  high  frequency  range  (not  shown).  The  maxima 
and  minima  are  due  to  interference  effects  and  the  change  in  wavelength  with 
frequency.  The  effect  of  the  mylar  window  and  so  the  discontinuity  in  the  waveguide 
on  the  reflection  coefficient  of  the  sample  can  be  clearly  seen  by  a  comparison  of 
figures  la  and  1b.  Large  peaks  in  the  reflection  coefficient  of  the  sample  in  the  cell 
occur  at  approximately  the  same  frequencies  as  the  peaks  in  the  reflection  coefficient 
of  the  empty  cell. 

Also  shown  in  figure  1b  is  the  calculated  reflection  coefficient  with  e'  and  e7e' 
chosen  as  a  function  of  frequency  so  that  the  differences  between  the  calculated  and 
experimental  reflection  and  transmission  coefficients  are  minimized.  The  mylar 
window  and  the  discontinuity  are  not  considered  in  the  calculations.  However, 
calculations  which  were  made  for  the  sample  and  the  mylar  but  without  the 
discontinuity  indicate  that  the  mylar  alone  has  neglibible  effect  on  the  total  reflection 
coefficient.  Measurements  were  made  every  0.1  GHz.  and  the  calculated  reflection 
coefficient  of  figure  1b  is  also  given  for  comparison  purposes  only  at  every  0.1  GHz  at 
the  same  frequencies  as  those  used  in  the  measurements. 

An  examination  of  figure  1b  indicates  excellent  agreement  between  the 
frequencies  of  the  maxima  and  minima  of  the  experimental  and  calculated  reflection 
coefficients.  In  addition,  the  amplitudes  of  the  experimental  and  theoretical  coefficients 
are  in  rather  good  agreement  except  at  frequencies  CQ''r0sponding  to  the  frequencies 
of  the  peaks  of  the  empty  cell  as  given  in  figure  la.  The  initial  value  of  e'  was 
estimated  from  the  separation  of  the  maxima  and  minima  and  was  then  adjusted  as  a 
function  of  frequency  to  obtain  the  best  match  between  the  positions  of  the  maxima 
and  minima  of  the  experimental  and  theoretical  reflection  coefficients  (ref  1 ) 

The  transmission  coefficient  data  and  calculations  are  not  presented.  e7e'  was 
determined  by  using  the  normalized  absorbed  power,  A,  of  equation  3.  The  calculated 
values  of  A  were  adjusted  to  the  experimental  values  for  the  sample  at  selected 
frequencies  by  the  choice  of  e7e  at  each  frequency.  A  polynomial  was  then  fitted  to  the 
values  of  e7e'  versus  frequency  and  used  to  calculate  A  as  a  function  of  frequency. 

The  final  values  of  e'  and  e7e'  at  each  frequency  were  selected  to  minimize  the 
differences  between  the  experimental  and  theoretical  values  of  R  and  A. 

e'  was  found  to  decrease  with  increasing  frequency  between  2.5  and 
approximately  8.5  GHz  and  then  to  remain  constant  between  8.5  and  18  GHz  within 
experimental  error.  e"/fe'  was  found  to  decrease  with  increasing  frequency  over  most  ol 
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the  frequency  range  but  to  plateau  at  about  15  GHz  with  indications  of  an  increase 
with  further  increases  in  frequency.  These  results  indicate  that  there  is  a  relaxation 
process  giving  a  maximum  of  absorption  at  a  frequency  below  the  frequency  range  of 
measurement  and  further  that  there  is  another  relaxation  process  with  an  absorption 
maximum  above  the  frequency  range  of  measurement.  The  dielectric  constant  results 
will  be  discussed  in  detail  elsewhere  (ref  1). 

The  out-of-waveguide  absorption  coefficient  for  Diesel  2  was  calculated  using 
equation  9  with  fc  =  0  and  the  experimentally  determined  values  of  e'  and  e"/t'  and  is 
given  in  figure  2.  This  coefficient  increases  with  frequency  throughout  the  range  of 
measurement  and  is  small. 


SUMMARY 


Measurements  were  made  of  the  in-waveguide  incident,  reflected  and 
transmitted  powers  of  liquid  fuel  between  2.5  and  18  GHz,  corrections  were  made  for 
waveguide  and  other  system  tosses,  and  reflection  and  transmission  coefficients 
calculated.  The  reflection  and  transmission  coefficients  indicate  strong  interference 
effects.  Expressions  were  obtained  for  the  in-waveguide  theoretical  reflection  and 
transmission  coefficients  in  terms  of  the  complex  dielectric  constant,  the  waveguide 
cutoff  frequency,  and  the  sample  thickness.  The  real  part  of  the  dielectric  constant  was 
then  chosen  as  a  function  of  frequency  so  that  the  maxima  and  minima  of  the 
calculated  reflection  spectrum  matched  those  of  the  experimental  spectrum  and  further 
minimized  the  differences  between  the  two  reflection  spectra.  The  loss  tangent  was 
chosen  as  a  function  of  frequency  so  as  to  match  the  calculated  normalized  power  loss 
to  the  experimental  values.  The  out-of-waveguide  absorption  coefficient  was  then 
obtained  as  a  function  of  frequency  from  these  results.  The  absorption  coefficient  is 
small  and  increases  with  frequency. 
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Figure  1.  (a)  Measured  reflection  coefficient  of  the  empty  sample  cell. 

(b)  Measured  reflection  coefficient  of  the  sample  (Diesel  2 
fuel)  and  cell  and  the  calculated  reflection  coefficient 
of  the  sample. 
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ATTN:  SMCAR-CCB-TL 

SMCAR-LCB-RA.  J.  Vasilakis 
Waterviiet,  NV  12189-5000 
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Director 

U.S.  Army  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-SL 

White  Sands  Missile  Range,  NM  88002 

Otfice  of  the  Secretary  of  Defense 
OUSD(A) 

Director,  Live  Fire  Testing 
ATTN:  James  F.  O’Bryori 
Washington,  DC  20301-3110 

Director 

U.S.  Army  Aviation  Research  and  Technology  Activity 
Ames  Research  Center 
Moffett  Field,  CA  94035-1099 

Commander 

U.S.  Army  Missile  Command 
ATTN;  AMSMI-RD-CS-R  (DOC) 

AMSMI-RD'OE,  Gordon  T.  Lill,  Jr. 
AMSMI-RD-DE-UB,  Buford  Jennings 
Redstone  Arsenal,  AL  35898-5010 

HQDA  (SARD-TR) 

Washington,  DC  20310-0001 

Commander 

U.S.  Armv  Tank  Automotive  Command 
ATTN:  'amSTA-TSL,  Technical  Library 
Warren,  Ml  48397- t^OO 

Commander 

U.S.  Army  Materiel  Command 
ATTN:  AMCCRAST 
5001  Eisenhower  Avenue 
Aie:<andria,  VA  22335-0001 


Commander 

U.S.  Army  Laboratory  Command 
ATTNI:  AMSLC-DL 
Adelphi,  MD  20783-1145 

Commandant 
U.S.  Army  Infantry  School 
ATrN:  ATSH-CD-CSO-OR 
For*  Benning,  GA  31905-5066 

Air  Force  Armament  Laboratory 

ATTN:  AFATL7DLODL 

Eglin  Air  Force  Base,  FL  32542-5000 

Air  Force  Armament  Technology  Laboratory 
ATTN:  AFAT17DOIL 
AFAT/DLOCL 

Eglin  Air  F^rce  Base,  FL  32542-5438 

Commander 
U.S.  Rock  Isla.io  Arsenal 
ATTN.  SMCAR-TL,  TecLnical  Library 
AI^SMC-E3M(R).  W.  D.  Fortune 
AMSMC-IRD.  G.  H  Cowan 
Rock  Island,  IL  61299-5000 

Commander 

U.S.  Army  Aviation  Systems  Command 
ATTN:  AMSAV-DACL 
4300  Goodfellow  Blvd 
St.  Louis,  MO  53120-1798 

Commander 

U.S.  Army  Research  Office 
ATTN:  Chemistry  Division 
P.O.  Box  12211 

Research  Triangle  Park.  NC  27709-221 1 
Cominander 

Naval  Surface  Warfare  Center 
A1TN:  RIOC.L  Roslund 
R10B.M.  Stosz 

Silver  Soring,  MD  20002-5000 
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Commander 

Naval  Surface  Warfare  Center 
ATTN:  R13.J.  Short 

R.  Bernecker 
J.  Forbes 

Silver  Spring,  MD  20902-5000 

Commander 
Naval  Weapons  Center 
ATTN;  L  Smith 
A.  Amster 
R.  Reed.  Jr. 

China  Lake.  CA  93555 
Commander 

Ballistic  Missile  Defense  Advanced  Technology  Center 
ATTN:  D.  Sayies 
P.O.  Box  1500 
Huntsville,  AL  35807 

Air  Force  Rocket  Propulsion  Laboratory 

ATTN:  AFRPL-MKPA 

Edwards  Air  Force  Base,  CA  93523 


Southwest  Research  Institute 
ATTN;  M.  Cowperthwaite 
H.  J.  Gryting 
6220  Culebra  Road 
Postal  Drawer  28510 
San  Antonio,  TX  78284 

New  Mexico  Institute  of  Mining  and  Technology 
ATTN:  TERA.  T.  Joyner 
Campus  Station 
Socorro,  NM  87801 
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Director 

Lawrence  Livermore  National  Laboratory 
ATTN:  R.  McGuire 

K.  Scribner 
E.  Lee 

M.S.  Costantino,  L-324 
M.  Finger 

Livermore,  CA  94550 
Director 

Los  Alamos  National  Laboratory 
ATTN:  J960.  J.  Ramsay 
P.O.  Box  1663 
Los  Alamos.  NM  87545 

Director 

Sandia  National  Laboratojy 
ATTN:  J.  Kennedy 
Albuquerque,  NM  87115 

Honeywell,  Inc. 

ATTN:  R.  Tompkins 
10400  Yellow  Circle  Drive 
MN  3803300 
Minnetonka,  MN  55343 

Johns  Hopkins  University 

Applied  Physics  Laboratory 

Chemical  Propulsion  Information  Agency 

ATTN:  John  Hannum 

Johns  Hopkins  Road 

Uurel,  MD  20707 

Morton  Thiokol,  Inc. 

Louisiana  Division 
ATTN:  Lee  C.  Estabrook 
P.O.  Sox  30058 
Shreveport,  LA  71130 

Commander 

Naval  Weapons  Station 

ATTN:  L.  Rothstein,  Code  50  -  NEDED 

Yorkstown,  VA  23491 
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John  Dienes 

Los  Alamos  National  Laboratory 
ATTN:  MS  B221 

MS  P952 

MS  H81 1 ,  R.  Hoeberling 
Los  Alamos,  NM  87545 

Commander 

Naval  Surface  Warfare  Center 
ATTN:  Code  F45,  Robert  E.  Richardson 

Therese  Houghton 
Code  H202,  R.  Amadori 
Dahlgren,  VA  22448 

Director 

U.S,  Laboratory  Command.  VLAMO 
ATTN:  AMSLC-VL-DE,  Richard  Reit7. 
Aberdeen  Proving  Ground,  MD  21005-5001 

Air  Force  Systems  Command 
ATTN:  AFSC/XTW.  LTC  W.  Dugan 

AFSC/XTHO,  LTC  Garrett  Polhemus 
Andrews  Air  Force  Base,  MD  20334 

Lawrence  Livermore  National  Laboratory 
ATTN:  L86,  Hriar  Cabayan 

L1 53,  Richard  Zacharlas 
P.O.  Box  5504 
Livermore,  CA  94550 

Lawrence  Livermore  National  Laboratory 
ATTN:  LI  53.  Michael  Bland 
P.O.  Box  808 
Livermore.  CA  94551 

Commander 

Harry  Diamond  Laboratories 
ATTN:  SLCHD-HPM.  E.  Brown 

David  Bassett 

SLCHD-TA,  Edward  Sebol 
SLCHD-NW-CS,  Roger  Kaul 
2800  Powder  Mill  Road 
Adelphi.  MO  20783-1145 


17 


Commander 

Air  Force  Weapons  Laboratory 
ATTN:  WL/AWS,  LTC  Michael  Starch 

HPM  Program  Manager,  Major  Rex  Schlicher 
WL/TALP,  CPT  David  Knight 
Richard  Scholfield 
CPT  Alex  Pilipowsky 
Richard  Copeland 

Kirtiand  Air  Force  Base,  New  Mexico  871 17-6008 
Commander 

Belvoir  Research  Development  and  Engineering  Center 
ATTN:  STRBE-NAD,  James  Owen 

Herman  Spitzer 
Chris  Wanner 
Sigberto  Qarda 
Fort  Belvoir,  VA  22060-5605 

U.S.  Naval  Research  Laboratories 
ATTN:  CODE  4650,  Terence  Wieting 
Washington,  DC  20375-5000 

Commander 

Eglin  Air  Force  Base 

ATTN:  AFATL-MNF,  Robert  Erhart 

Eglin  Air  Force  Base,  FL  32542-5434 

SRD,  FANX-ltl 

ATTN:  Ralph  HItchesn,  Room  B5E32 
Fort  Meade,  MD  20755 
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